Introduction 47
Obstacles within watercourses, such as dams and weirs, have become pervasive in today's freshwater 48 ecosystems. Beginning in the tenth century, humans have modified rivers to operate mills, net fish as a 49 food source, navigate to trade with foreign countries, generate energy and regulate water (Baxter 1977; The impacts that dams have had on freshwater ecosystems are considerable; alterations to the 54 physical and chemical characteristics of the water and surrounding landscapes has resulted in the 55 increase of homogeneity and a decrease in suitable habitat for many species, including the loss of low-56 water spawning and nursery habitats for salmonids and lampreys in ponded zones (Baxter 1977; 57 Jungwirth et al. 2000 ; Birnie-Gauvin et al. in press); and interference with one or more stage in the life 58 cycle of many fish species has led to changes in fish assemblages (Lucas and Baras 2001) . For 59 example, brown trout (Salmo trutta) and Atlantic salmon (S. salar) smolts showed significant delays 60 and increased mortality when released upstream of a small weir in comparison to individuals released 61 downstream of the barrier (Aarestrup and Koed 2003) . Furthermore, the natural flow patterns of 62 regulated rivers, which provide important cues for fish migrations, have been altered extensively, 63 thereby also reducing biodiversity (Bunn and Arthington 2002). This reduction in biodiversity and 64 population numbers is further exacerbated by an increased mortality of migratory fish in reservoirs (or 65 ponded zones) formed by dams (Jepsen et al. 1998 ). Fish will often accumulate in these ponded zones, 66 as well as just downstream of a dam (Koed et al. 2002) , making them more susceptible to predation by 67 other fish and to exploitation by fisheries (Poe et al. 1991; Lucas and Baras 2001) . Taken together, the 68 construction of dams and weirs is estimated to account for 55 to 60% of the known causes leading to 69 Rasmussen 1999), requiring us to take action. 72
The recognition of the negative impacts of barriers in the last few decades has led to the quest 73 for solutions that would enable safe passage. For example, many hydrodams in the United States have 74 adopted the policy of manually trapping and moving fish passed dams (Cada 1998). In other cases, fish 75 passes, such as fish ladders, fish elevators or nature-like fish passes, have been implemented (see 2012). Here, we present 30 years of data on brown trout numbers both before and after the removal of a 98 small hydropower dam (Vilholt, Central Jutland, Denmark). Such temporal data on the subject has 99 never been available prior to this study (that we know of), making it the first of its kind. Municipality), along with the National Forest and Nature Agency, had debated with stakeholders for 107 the removal of the Vilholt dam to restore natural conditions and faunapassage in the river. The dam was 108 finally removed in 2008 after nearly two decades of debate. Lake Mossø is located approximately 109 6.5km downstream of where the dam used to be. The river system is now home to a large population of 110 brown trout (S. trutta), with Lake Mossø serving as highly productive feeding grounds for lake-111 dwelling brown trout (herein referred to as lake trout). These lake trout originate from the spawning 112 and nursery areas of River Gudenaa, migrate down to the lake to feed, and return to the river to spawn. ponded zone disappeared and the natural shallow water habitat was restored to its original state, with 120 faster-flowing water, a water depth of 10-30cm, a natural substrate dominated by stones and cobbles, 121 the original gradient (approx. 0.3%) and the presence of water riffles, thus highly suitable brown trout 122 (S. trutta) spawning and nursing grounds. It is worth noting that this type of habitat is scarce in larger 123
Danish streams due to years of human alterations, making this location of particularly high interest. 124
A second location was surveyed from 1987 through to 2016, 1.5km downstream of the dam 125 ( Figure 1, B) . This stretch was recognized as excellent for spawning, even before the dam was 126 removed. The lake trout from Lake Mossø gained easier access to this area after 1992, when a fish 127 ladder was built at a weir near the lake. Before 1992, the brown trout population was almost entirely 128 dependent on the spawning of resident brown trout. 129 130 Fish density: mark-and-recapture 131
In the fall, the upstream (from 1997 to 2016) and the downstream (from 1987 to 2016) locations were 132 surveyed for lengths of 160m and 600m, respectively. The width of the river at these locations was 133 approximately 20m. Each location was electrofished once using two electrodes, with all captured 134 brown trout marked (fin-clipped in this case). The following day, the same locations were electrofished 135 a second time. All previously marked fish (i.e., recaptures) and unmarked fish (i.e., new captures) were 136
counted. The numbers were then used to calculate fish density estimates. Fish below 14cm were 137 considered young of the year (YOY) while larger fish (above 14cm) were pooled together and 138 considered older fish (OLD). The two groups were distinguishable due to a bimodal length distribution. 139
The following formula was applied to calculate density estimates of brown trout: 140
Where, N is the density estimate, M is the number of fish caught and marked during the first sampling, 142 C is the total number of captured fish during the second sampling (including recaptures), and R is the In the upstream zone, both YOY (U = 24.0, p = 0.019) and OLD fish (U = 22.5, p = 0.041) 165
densities increased significantly following dam removal (Figure 2A, 3A) . In the downstream zone, 166 YOY density increased significantly following dam removal (U = 62, p < 0.001, Figure 2B, 3A) , but no 167 significant change in OLD density was found (U = 46, p = 0.14; Figure 2B, 3B) . suggests that (1) the natural habitat quality was restored in the ponded zone as a highly suitable 188 spawning and nursing habitats, (2) safe passage and access to highly suitable spawning habitat 189 upstream was reestablished, and (3) movement between the two spawning grounds increased 190 recruitment. Here, we demonstrate that restoring river connectivity has allowed for a huge number of 191 fish to be born and thrive in an area previously devoid of YOY fish, presumably due to restored 192 spawning habitat and the ease of access to these high quality spawning grounds. The recorded density 193 of YOY trout in the present study (mean=6.2 YOY/m on both stretches) place the river in "good 194 ecological status" according to the EU Water Framework Directives (the Danish threshold is 2.5 195 YOY/m) and is in fact greater than normally observed in large Danish rivers, suggesting that barrier 196 removal may be the best mitigation approach in the context of river restoration in fragmented rivers. 197
The removal of the Vilholt dam restored the naturally adequate trout habitat in the former 198 ponded zone, resulting in an immediate increase in both YOY and OLD fish upstream in 2009. This is 199 likely because the removal allowed for the upstream passage of spawners from the lake, along with 200 providing highly suitable habitat for young fish to thrive, thus increasing survival. The removal had 201 little physical effect on the downstream habitat, which was already suitable for spawning. We note that 202 beginning in 1992, an increase in OLD fish was observed downstream. This is due to the establishment 203 of a fish ladder at a dam located between Vilholt and Lake Mossø. This fishpass led to a larger YOY 204 density in 1993. We also note that a sudden decrease in fish was observed in 1994; a large storm caused 205 the dam to break down, letting large amounts of mud and silt to be flushed downstream, practically We have shown that barrier removal can be beneficial for fish density especially upstream, but 214 also downstream. Since the removal, local anglers have also noticed an increase in the size and number 215 of lake trout caught in Lake Mossø. While these observations suggest that the removal of an artificial 216 obstacle may be beneficial at a whole-system level, we cannot make that conclusion for certain as our 217 study did not specifically evaluate this. While the Gudenaa river system supports a sustainable 218 population of older fish, including returning lake trout spawners from Lake Mossø as well as resident 219 trout, a wide spatial distribution of spawning and recruitment is needed to maintain population levels are rarely considered in management plans. It is our hope that these results will reinforce the need to 228 firstly, include smaller weirs and dams in management plans, and secondly, considered removal as an 229 option rather than immediately attempt to establish artificial fish passage. Our findings have important 230 implications for the management of barriers across the world. Environmental directives from many 231 agencies (e.g., EU Waterframe Directive, UN Sustainable Development Goals) have made 232 contradicting requests, with emphasis on reducing pollution, but little to no demands made to improve 233 ecosystems impacted by barriers. Given the immediate positive effects of the removal of small barriers, 234 this approach should be viewed as an economically and ecologically profitable option. 
